Abstract, The upper continental margin of the Beaufort Sea, north of Alaska, is underlain by a strong bottom simulating reflection (BSR) that lies 300 to 700 rn beneath the seafloor and corresponds to the phase boundary between interstitial water and natural gas below and solid gas hydrate above. BSRs of similar origin are common worldwide, where they are usually interpreted to mark the base of gas hydrate-bearing clastic sediment, with or without underlying free gas in the sediment. Surprisingly little is known about the origin of these strong reflections. In this paper we analyze the contrasting physical properties which produce BSRs by comparing synthetic BSR amplitudes and waveforms for varying sourcereceiver offsets with multichannel seismic reflection data across the well-developed BSR of the Beaufort Sea. In order to discriminate whether free gas is present under the B SR or not, it was necessary to supplement near-vertical incidence data with prestack offset data. The amplitude-versus-offset (AVO) analysis indicates that the BSR is produced mainly by the existence of free gas in the clastic sediments beneath the BSR. The zone of free gas is, based on vertical incidence synthetics, estimated to be thinner than 11-16 m. It is possibly thicker than 16 rn if the gas concentration decreases with depth. Saturation of gas hydrate in the sediment above the BSR is tentatively estimated from the AVO modeling to be less than 10% of the pore volume.
Introduction
A bottom simulating reflection (BSR) at a depth corresponding approximately to the base of the methane hydrate stability field is the most widely used indicator of the presence of gas hydrate accumulations beneath the seabed. BSRs are observed worldwide on reflection seismic data from continental margins [Kvenvolden and Barnard, 1983; Kvenvolden et al., 1993] and are commonly assumed to mark an interface between high-velocity gas hydrate and underlying sediments of normal velocity [Stoll and Bryan, 1979; Hyndman and Spence, 1992] or sediments of low velocity containing free gas [Dillon and Paull, 1983; Miller et al., 1991] . BSRs that lie at the approximate position of the base of the gas hydrate stability field are characterized by high reflection amplitude and negative polarity, indicating that the BSR represents a strong decrease in acoustic impedance. A wealth of ideas regarding the significance of natural gas hydrates have been presented. Gas hydrates may have a significant effect on global climate change, may constitute a source of natural gas [Kvenvolden, 1988;  Prior to modeling, physical properties of sediments partially saturated with gas hydrate or with free gas were computed, to provide a basis for the modeling and a framework for interpreting our results. The seismic reflection data used in this study ( Figure 1 ) were collected by the U.S. Geological Survey in 1977 from the R/V S.P. Lee [Grantz et al., 1982] . The acquisition system included a 24-channel hydrophone streamer with a 2400-m active section and a five air gun 22.7 L source array. The 24-fold data were reprocessed for the present study to preserve relative reflection amplitudes.
Geologic Setting
Hydrate deposits of the Beaufort Sea occur in the upper part of a progradational sedimentary prism constructed across the rift that created the passive continental margin north of Alaska [1978] note that, in general, important amounts of methane can be generated in such beds, especially if organic matter of type HI is present. The presence of the strong BSR on line 769 beneath local bathymetric highs could be a result of gas migration along the BSR. The location of the BSR to areas lacking normal faults suggests that the gas associated with the BSR is not thermogenic gas that migrated upsection from within or below the oil window. The assumption of high content of organic matter in the inferred gas hydratebeating sediments favors a biogenic origin of the gas.
Reflection Characteristics of the BSR Area
The BSR beneath the Beaufort Sea (Figure 1 ) has the following seismic reflection characteristics:
1. The BSR has high reflection amplitude and reversed polarity relative to the seafloor reflection (Figures 2b and 2c ).
The BSR therefore marks an interface at which there is a significant decrease in acoustic impedance.
2. No consistent reflection that could represent the shallowmost limit of gas hydrate is present.
3. The interval velocity above the BSR is not measurably higher than that at corresponding subbottom depths where the BSR is not present. This observation may indicate that gas hydrate deposits are not everywhere underlain by BSRs. An alternative interpretation is that the concentration of gas hydrate in the sediments above the BSR is low or that gas hydrate is Poisson's ratio versus gas hydrate saturation is displayed in figure 6 (hydrate curve). Figure 6 will provide a minimum estimate of the Poisson's ratio. Establishing a complete theoretical model for gas hydrate-bearing clay-rich sediments is beyond the scope of this paper. In the present study P wave velocities for gas hydrate-bearing sediments at depth of the BSR are estimated from velocity analysis and from the BSR reflection coefficient, as discussed later in this paper, whereas the Poisson's ratios used are obtained from Figure 
Physical Properties Used in the Modeling

Modeling the BSR
The seismic responses of five models ( Figure 8 and Table 1) are evaluated in the present paper. The presence of gas hydrate or free gas can strongly affect the compressional wave velocity of clastic sediment, whereas the density will decrease only slightly with increased concentrations of gas hydrate or free gas (Figures 5 and 7) . Therefore the models we have evaluated are displayed as velocity models.
For models with no free gas below the BSR (IA and I]3 in Figure 9a ). For hydrate layers thinner than 22 ms the BSR model waveform is asymmetric with a strong negative peak followed by a slightly smaller positive peak which also differs from the field data traces. Models with increasing hydrate concentration with depth can provide a more symmetric BSR waveform (Figure 9b ) and a better fit with the data, for all hydrate thicknesses. Models With Free Gas Beneath the BSR Models with a layer of free gas beneath the BSR up to 22 ms thick (11-16 m of sediments with gas saturation between 100% and 1%, respectively) and models with a thick layer of gas that decreases in concentration with depth both produce BSR reflections that closely match the field data (Figure 10c) . A layer with constant hydrate concentration above the BSR will modify the BSR model waveform (Figure 10a ), but the correlation with the field data is still reasonable, also for hydrate thicknesses greater than half of the wavelength (22 ms or 24 m of gas hydrate-bearing sediment with a velocity of 2150 m/s) (Figures 10a and 10b) . BSR waveforms similar to the field data are obtained for models with a gradafional layer of increasing hydrate saturation with depth as well (Figure 10b) .
A good fit with the data can be obtained also for models with no hydrate above the BSR if the underlying free gas layer is thinner than 22 ms (11-16 m for free gas-bearing sediments). The gas layer can, however, be thicker if it decreases in gas saturation with depth ( Figure 10c) .
It is apparent from the foregoing analysis that studies of near-vertical seismic data provide information about the best fit models. Using only the near-vertical seismic data, however, we cannot discriminate between models with free gas below the BSR and models without a free gas layer, nor can we estimate the thickness of the hydrate layer.
Amplitude-Versus-Offset (AVO) Analyses
A great deal of attention has been devoted to using the Poisson's ratio as a direct hydrocarbon indicator ever since the now classic paper on AVO published by Ostrander [1984] . The differences in elastic properties, as quantified by Poisson's ratio, between gas hydrate, free gas, and liquid water are the physical basis for AVO analysis of the BSR. The change of this ratio at an interface directly affects the reflected P wave amplitude as a function of offset on prestack data.
It can be seen from Figures 4 and 6 that a change in Poisson's ratio will occur at the base of gas hydrate-beating sediment, at the top of gas-bearing sediment, and at an interface with gas hydrate-bearing sediment overlying sediment containing free gas. Changes in concentration levels of both gas hydrate and free gas will affect the Poisson's ratio across the BSR and will hence affect the BSR amplitude variation with offset. The variation in P wave amplitude with offset can be We have restricted the AVO analysis to sections of the line where both the BSR and the seafloor reflector are relatively smooth and flat (Figure 2c ), so that no dip correction was required. The prestack data were carefully examined, and only CDP gathers where the BSR is a single symmetric pulse at all offsets were selected for AVO analysis, in order to minimize interference effects with other reflections. Figure 2a was reprocessed for the AVO study to preserve relative amplitudes, and the following processing sequence was applied: common midpoint (CMP) sorting, spiking deconvolution, spherical divergence amplitude correction, bandpass filtering, detailed velocity analysis, and normal moveout correction. Spiking deconvolution was applied to produce a zero-phase output and collapse the wavelet as much as possible. This affects the waveform, but after having analyzed several gathers before and after deconvolution, we conclude that the shape of the AVO curve is not significantly changed. Detailed velocity analyses were made for every 20 CDP or about every 1 km along the line. We then used two independent methods of offset-dependent amplitude balancing to correct the gathers for array attenuation, and each are explained below.
The section of line 769 shown in
Amplitude Balancing
Successful evaluation of AVO results requires that true amplitude-versus-offset data are obtained. To this end we have corrected the peak values of the relative BSR amplitudes in two ways: (1) by a deterministic method that corrects for hydrophone directivity and (2) statistically, by using the seafloor reflection as a reference calibration event.
Method !: Correcting for receiver army directivity. Of the major factors that affect reflection amplitude as a function of offset, the most important factor for this study is the receiver array attenuation, because the receiver is an extended army and not a point receiver. The source, however, can be treated as a single point source because the five-element source array was (Table 1 ). For models with no free gas beneath the BSR and a compressional wave velocity of 2600 m/s for the hydratebearing sediments, a Poisson's ratio of 0.38 was used. We have for such models also examined the AVO effect when using a Poisson's ratio of 0.42, which was used by Hyndman and Spence [ 1992] and which we take as a reasonable upper limit for the Poisson's ratio of gas hydrate-bearing sediments with a Vp of 2600 m/s. (Figures 12a and 12b) . These models show a slight decrease in BSR amplitude for offsets up to 1300 -1700 m and then an abrupt 3-to 4-fold amplitude increase. An exception was the model AVO curve in Figure 12a for a 20-ms-thick gas hydrate layer (26 m of hydrate-beating sediments with a velocity of 2600 m/s) and no free gas, which correlated well with the data for offsets up to 1800 m but which showed substantial deviation for larger offsets. of free gas in the sediments below the BSR and no hydrate above the BSR had a slightly higher rate of increase in the relative amplitude with offset ( Figure 13c) . A very good fit with the data was, however, also obtained for models with free gas and no overlying hydrate if the free gas concentration was decreasing with depth ( Figure 13c, dashed line) .
Discussion
The near-vertical incidence BSR response demonstrated a reasonable fit with the representative data traces for some of the models with no free gas beneath the BSR (Figure 9b) as well as for models with a free gas zone under the BSR (Figures 10a,   10b , and 10c) and could not discriminate between models with and without free gas. The AVO method was more useful for this purpose. The BSR amplitude-versus-offset observed in the data could only be obtained for models with free gas in the sediments below the BSR, and such models gave, independently of the hydrate layer thickness, a good fit with the data (Figures  13a and 13b) . Models with no free gas beneath the BSR did not correlate with the BSR amplitude-versus-offset data observations for any model thickness of the hydrate layer ( Figures  12a and 12b) . Changing the physical parameters, within reasonable limits, did not improve the correlation between the no-gas models and the data. 
Free Gas Beneath the BSR For models with a free gas zone beneath the BSR, the high BSR reflection coefficient is primarily due to the extremely low compressional wave velocity for gas-bearing sediments. Even small amounts of free gas in the sediments cause a drastic reduction in the compressional velocity as well as in the Poisson's ratio, and the models with extremely low values of Vp and crproduce a distinctive trend of increasing amplitude with offset.
A good correlation with the Beaufort Sea field data was obtained when the thickness of free gas in the sediments beneath the BSR was thinner than 11-16 m or had a decreasing gas concentration with increasing depth. It is also possible that free gas beneath the BSR could be concentrated in several zones of varying gas concentration. Saturation levels of free gas in the sediments beneath the BSR cannot be inferred from the seismic data, because it is not possible to distinguish subtle differences in Vp and a associated with gas concentrations above a few percent. Figures 14a and 14b that increasing saturation of gas hydrate above the BSR will change the AVO trend substantially, while increased saturation of free gas beneath the BSR will not affect the AVO curve significantly once the gas saturation is above approximately 1% ( Figure  14c ). The estimated AVO trend of the data (shaded band in Figures 14a and 14b) shows very good agreement with the modeled AVO curves for gas hydrate saturation between 0 and 10% (Figures 14a and 14b) . For further increase in hydrate saturation, the modeled AVO curves show increased deviation from the AVO trend observed for the data. Our study demonstrates that investigations of the BSR amplitude-versus-offset behavior can be a useful technique for detecting the presence of free gas in the sediment beneath the BSR but do not provide information about gas saturation levels. The AVO behavior of the BSR is quite sensitive to changes in saturation levels of gas hydrate in the sediment above the BSR and offers a first approach to estimating the amount of hydrate immediately above the BSR. A method based on the degree of amplitude blanking above the BSR, calibrated by interval velocity information, was recently proposed by Lee et al. [!993 ] to quantify gas hydrate concentrations in deep marine sediments. The AVO method does provide important complimentary S wave information to information that can be obtained from velocity analysis or P wave inversion, near-offset, or stacked data analyses.
Increased amplitudes beneath the BSR of reflections that
Estimates of gas hydrate saturation can, however, without an appropriate physical property database or model for sediments partially saturated with gas hydrate, be nothing more than first tentative approaches. This emphasizes the need for research into how the physical properties of sediments are affected by the presence of gas hydrate.
Conclusions
We were able to discriminate between two competing models for the hydrate BSR by studying the amplitude and waveform at different source-receiver offsets for multichannel seismic data from a strong BSR segment beneath the Beaufort Sea margin north of Alaska. The two BSR models could not be distinguished by using only near-vertical seismic data.
The AVO trend of the models showing the best correlation with the field data was primarily a result of extremely low compressional wave velocity and Poisson's ratio of the sediments beneath the BSR, clearly indicating the existence of free gas. Near-vertical waveform and AVO modeling indicate that the free gas layer is either thinner than 11-16 m or has a gradational base with decreasing gas saturation with increasing depth. The AVO technique could not provide information about gas saturation levels.
Partial saturation of gas hydrate, up to approximately 10% of the sediment pore volume, provides a good explanation for the observed amplitude-versus-offset trend of the studied BSR.
Thickness and detailed structure of the hydrate-bearing sediments could not be constrained.
